Chronic retinal inflammation in the form of activated microglia and macrophages are implicated in the etiology of neurodegenerative diseases of the retina, including age-related macular degeneration, diabetic retinopathy, and glaucoma. However, molecular biomarkers and targeted therapies for immune cell activation in these disorders are currently lacking. To address this, we investigated the involvement and role of translocator protein (TSPO), a biomarker of microglial and astrocyte gliosis in brain degeneration, in the context of retinal inflammation. Here, we find that TSPO is acutely and specifically upregulated in retinal microglia in separate mouse models of retinal inflammation and injury. Concomitantly, its endogenous ligand, diazepam-binding inhibitor (DBI), is upregulated in the macroglia of the mouse retina such as astrocytes and Müller cells. In addition, we discover that TSPO-mediated signaling in microglia via DBI-derived ligands negatively regulates features of microglial activation, including reactive oxygen species production, TNF-␣ expression and secretion, and microglial proliferation. The inducibility and effects of DBI-TSPO signaling in the retina reveal a mechanism of coordinated macroglia-microglia interactions, the function of which is to limit the magnitude of inflammatory responses after their initiation, facilitating a return to baseline quiescence. Our results indicate that TSPO is a promising molecular marker for imaging inflammatory cell activation in the retina and highlight DBI-TSPO signaling as a potential target for immodulatory therapies.
Introduction
Neurodegenerative diseases of the retina, including age-related macular degeneration, diabetic retinopathy, and glaucoma, involve chronic and dysregulated neuroinflammation (Buschini et al., 2011; Vohra et al., 2013) . In these disorders, retinal microglia and macroglia populations demonstrate activation and gliosis (Karlstetter et al., 2010; Bringmann and Wiedemann, 2012) , which contribute to neuronal degeneration and vision loss (Langmann, 2007) . Although these conditions are the major cause of legal blindness in the developed world (Congdon et al., 2004) , underlying disease mechanisms are incompletely understood and current preventative and treatment measures remain only partially effective. Understanding the mechanisms regulating chronic neuroinflammation in the retina and how they can be therapeutically modulated are of key importance. In addition, molecular biomarkers that reflect the level of inflammatory change in the retina may serve as clinical outcome measures and aid the discovery of therapies (Capozzi et al., 2013) .
Translocator protein (TSPO) is a mitochondrial molecule that regulates cholesterol transport across the outer mitochondrial membrane, the rate-limiting step in steroidogenesis Rone et al., 2009 ). In the brain and spinal cord, TSPO is expressed in activated gliotic microglial and macroglial cells (Chen and Guilarte, 2008) and serves as a biomarker for disease activity in Alzheimer's and Parkinson's disease (Politis et al., 2012; Venneti et al., 2013) . Synthetic ligands to TSPO are also investigated as therapeutic agents for various CNS and PNS disorders (Nothdurfter et al., 2012) . However, in the retina, the significance and function of TSPO under normal and pathological conditions have not been studied previously.
Despite its practical utility, TSPO's endogenous functions in the CNS have not been elucidated. Primary endogenous ligands to TSPO include a polypeptide called diazepam-binding inhibitor (DBI) and its shorter peptide cleavage products called endozepines (Ferrero et al., 1986) . These molecules, expressed and secreted by macroglial populations in the CNS (Yanase et al., 2002) , bind TSPO with high affinity (Guidotti et al., 1983; Slobodyansky et al., 1989) , stimulating steroidogenesis (Papadopoulos et al., 1991; Do-Rego et al., 1998) . Although DBI has been linked to Alzheimer's disease , its functional significance with regard to TSPO signaling is unknown.
In this study, we examined the expression of TSPO in the developing and adult mouse retina under normal conditions and in a variety of injury models to establish its potential utility as a bio-marker for retinal disease. We also investigated the functional role of TSPO in the retina by examining the expression pattern of its endogenous ligand, DBI, and the effect of triakontatetraneuropeptide (TTN), its biologically active cleavage product, on microglial activation and function. Our results demonstrate that DBI-TSPO signaling occurs as a form of macroglia-microglia interaction that is activated during retinal inflammation and injury and serves to limit the magnitude of microglial activation responses by negative regulation. These observations indicate the presence of dynamic interactions between microglia and macroglia populations that can shape the resolution of inflammatory responses and highlight TSPO as a molecular target for therapies aimed at modulating chronic neuroinflammation in CNS degenerations.
Materials and Methods

Experimental animals. Heterozygous CX3CR1
ϩ/GFP transgenic animals were created by breeding CX3CR1 GFP/GFP mice (Jung et al., 2000) to C57BL/6J mice (The Jackson Laboratory). Developing (0 -28 d of age) and young adult (2-4 months of age) mice of either sex were used. Experimental protocols, approved by a local Institutional Animal Care and Use Committee, adhered to the Association for Research in Vision and Ophthalmology statement for animal use.
Cell culture. Microglia were cultured from retinas of C57BL/6 mice at postnatal day 10 -30 (P10 -P30) as described previously (Ma et al., 2009) . Enucleated globes were incubated in HBSS buffer containing 2% dispase (Roche) at 37°C for 45-60 min and then rinsed three times with DMEM containing 10% fetal bovine serum (FBS; Invitrogen). Retinas were dissected and triturated in culture medium (DMEM, 10% FBS, 1ϫ MEM nonessential amino acids solution; Sigma) and transferred into 75 cm 2 flasks at 37°C. The culture medium was changed after 24 h and then at 4 -5 d intervals. When confluent, culture flasks were shaken gently to detach microglial cells, which were subcultured at low density in 150 mm dishes. Isolated cell clusters formed from the proliferation of individual microglia cluster (2-3 weeks) were picked off and subcultured in a new 75 cm 2 flask. BV-2 cells, a murine microglial cell line, were maintained in DMEM containing 5% FBS and plated in multiwell plates at the density of 1-4 ϫ 10 4 /well for 24 h before further use. For DBI expression and secretion experiments, primary Müller cells were isolated from the retina and plated out in 24-well plates as described previously . Müller cells were subsequently exposed to conditioned media from either unactivated microglia or microglia that had been pretreated with lipopolysaccharide (LPS; 1 g/ml). After 6 h of exposure, the existing media was replaced with fresh DMEM medium and allowed to condition for 24 h. The resulting cell lysates and conditioned media were analyzed for DBI protein levels using ELISA.
Reagents. TTN (sequence TQPTDEEMLFIYSHFKQATVGDVNT-DRPGLLDLK) was custom synthesized (CHI Scientific). In vitro effects of TTN were evaluated by preincubation of retinal microglia and BV2 microglia in TTN (0.1 or 10 M) for 2 h before activation with LPS (0.5 g/ml for 6 h). Control cultures were preincubated with control culture media containing equivalent levels of DMSO (0.001-0.1%) alone.
Quantitative reverse transcription PCR. Cultured cells or retinas were lysed by trituration and homogenized using QIAshredder spin columns (Qiagen). Total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the manufacturer's specifications. First-strand cDNA synthesis from mRNA was performed using qScript cDNA SuperMix (Quanta Biosciences) using oligo-dT as a primer. Quantitative reverse transcription PCR (qRT-PCR) was performed using a SYBR green RT-PCR kit (Affymetrix) and the 7900HT Fast Real-Time PCR System (Applied Biosystems) under the following conditions: denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and then 60°C for 45 s. Threshold cycle (CT) values were calculated and are expressed as the fold induction determined using the comparative CT (2 Ϫ⌬⌬CT ) method. GAPDH, ␤-actin, and hypoxanthine guanine phosphoribosyl transferase (HPRT) were used as internal controls.
Measurements of protein expression. Cultured cells or retinas were lysed by trituration in RIPA buffer (Sigma) containing 1:100 proteinase inhibitor (Calbiochem). Lysates were denatured in boiling water at 100°C for 3 min and then loaded onto NuPAGE 4 -12% Bis-Tris Gel (Novex). After electrophoresis, proteins were transferred onto nitrocellulose membranes (iBlot Gel Transfer Stacks; Invitrogen). Membranes were first incubated in blocking solution (Western Blocking Reagent; Roche) for 2 h and then in blocking solutions containing primary antibodies overnight at 4°C. The following primary antibodies were used: TSPO (1:4000; Abcam) and DBI (1:2000; Frontier Institute, Hokkaido, Japan). Membranes were then washed three times with Tris-buffered saline with 0.05% Tween 20 (Quality Biological) and incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG as the secondary antibody (1:4000; Cell Signaling Technology). HRP-conjugated ␤-actin (1:50,000; Sigma) was used as an endogenous control. Resulting blots were developed using a chemiluminescence system (SuperSignal West Femto Chemiluminescent Substrate; Thermo Fisher Scientific). Images were taken using Fujifilm LAS-3000 Imager and protein levels were quantitated using imaging analysis software (ImageJ). TNF-␣ and DBI protein levels in conditioned media and cell lysate from cultured cells and lysates of retinal tissue were assessed using ELISA kits (R&D Scientific and Cloud-Clone, respectively).
Immunohistochemistry. Immunohistochemistry was performed on cultured microglial cells, mouse retinal sections (30 m-thick cryosections and 100 m-thick vibratome sections) and retinal flat mounts. Cultured cells, retinal sections, or retinal flat mounts were preincubated in blocking buffer (consisting of 10% normal goat serum, 5% bovine serum, and 0.5% Triton X-100 (all from Sigma) in 1ϫ PBS for 2 h at room temperature for cultured cells and cryosections and for overnight at 4°C for flat mounts and vibratome sections. These were then incubated in primary antibody (diluted in the blocking buffer) at 4°C either overnight (for cultured cells and retinal cryosections) or for 48 h (for flat mounts and vibratome sections). Primary antibodies targeting the following molecules were used: glutamine synthetase (GS; 1:200) and NeuN Santa Cruz Biotechnology). Samples were incubated in secondary antibodies at a 1:400 dilution (1 h at room temperature for cells and cryosections, 4 h at 4°C for flat mounts and vibratome sections). The specificities of primary antibodies to TSPO and DBI were confirmed by their generation of a single strong band of expected size on Western blotting, which in the case of TSPO was decreased in intensity in "knock-down" experiments. In immunohistochemical analyses, negative control experiments were performed with only the secondary antibody and positive control experiments were performed with tissue with known expression patterns for the antigen.
Animal procedures. Before procedures, experimental mice were anesthetized with intraperitoneal ketamine (90 mg/kg) and xylazine (8 mg/ kg). The optic nerve crush injury was performed as described previously (Tang et al., 2011) and retinas were analyzed after 7 d. Intravitreal injections were performed directly behind the limbus using a 30-gauge needle on a model 701 Hamilton syringe. In the endotoxin-induced model of retinal inflammation, LPS (1.0 -1.5 l of 1 mg/ml LPS in 1ϫPBS) was injected and retinas were harvested 1, 3, 7, 14, and 28 d afterward. In the excitotoxic model of retinal injury, an intravitreal injection of NMDA (1.0 l, 40 mM in 1ϫ PBS) was performed and retinal tissue was harvested 1 d later. To assess the effect of intravitreal TTN, 4 experimental groups were given 1.0 l intravitreal injections containing the following: (1) 1ϫ PBS containing 10% DMSO, (2) 1ϫ PBS containing 1 mM TTN and 10% DMSO, (3) 1ϫ PBS containing 1 mg/ml LPS and 10% DMSO, and (4) 1ϫ PBS containing 1 mM TTN, 1 mg/ml LPS, and 10% DMSO. The subretinal hemorrhage model of injury was performed as described previously and retinas were harvested 2 d later.
Measurement of reactive oxygen species and oxidative stress. Cellular reactive oxygen species (ROS) content was measured using the 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA) assay (Invitrogen). Cultured retinal microglial or BV2 microglia in 96-well plates (30,000 cells/well) were pretreated with TTN for 1 h before activation with LPS (0.5 g/ml for 6 h). Controls included the following: (1) cells that were exposed to culture medium lacking TTN or LPS, (2) cells pretreated with TTN but not activated with LPS, and (3) cells that were pretreated with culture medium lacking TTN and activated with LPS. Cells were then incubated in 20 M H 2 DCFDA in PBS for 20 -30 min at 37°C, washed, and analyzed spectrally (SpectraMax M5; Molecular Devices). Retina oxidative stress was evaluated by assaying lipid peroxidation levels using a thiobarbituric acid-reactive substances (TBARS) assay kit (Cayman Chemical) .
Confocal microscopy and live-cell imaging. After immunohistochemical staining, cultured cells, retinal sections, and flat mounts were imaged with a confocal microscope (FluoView 1000; Olympus America). Multiplane z-series were collected using a 40ϫ oil-immersion objective. Confocal image z-series were imported into ImageJ and Adobe Photoshop for image analysis. Mitochondrial superoxide levels were measured using the MitoSox Red indicator dye (Invitrogen). Cultured microglia were plated in 6 cell plates and activated by LPS (0.5 g/ml LPS for 6 h) with and without pretreatment with TTN (10 M for 2 h). These cells were then incubated in PBS containing 1.25 M MitoSox Red for 20 min at 37°C. MitoSox Red labeling in living microglial cells was immediately imaged using a 40ϫ immersion objective in a Leica SP2 confocal microscope.
'Knock-down' of TSPO expression. Small hairpin RNAs (shRNAs) in the pLKO.1 lentiviral vector (5Ј-TTCTGCAAGCTAGCATAC CAC Ϫ3Ј) against mouse TSPO mRNA (NM_009775) (Thermo Fisher Scientific) was electroporated into microglial cells (Amaxa Mouse Macrophage Nucleofector Kit; Lonza) following the manufacturer's protocol. The efficiency of each shRNA knock-down was assessed by quantitative Western blotting for TSPO.
Assays of cellular proliferation. Microglia proliferation was measured by detecting the incorporation of the modified nucleoside 5-ethynyl-2Ј-deoxyuridine (EdU) in dividing cells (Click-iT Edu Detection assay; Invitrogen). EdU-incorporating cells were imaged by epifluorescence microscopy (Axiovert 200M; Zeiss). The numbers of EdU ϩ and DAPI ϩ cells in eight 20ϫ fields were counted and analyzed.
Measurement of neurosteroids by HPLC. BV2 microglia were cultured in the absence and the presence of TTN (10 and 50 M) and harvested after 7 h. Cell lysates were lyophilized and resuspended in 50 l of water. An aliquot (10 l) was removed for protein quantification (BCA protein assay kit; Thermo Fisher Scientific) and the remainder added to 10 l of 10% trichloroacetic acid and 20 l of 20 mM 2,4-dinitrophenylhydrazine hydrochloric acid solution (Sigma). After 24 h at room temperature, 200 l of water and 200 l of diethyl ether were added. Ether extraction was repeated three times and the resulting extract was dried, resuspended in 50 l of N-dimethylformamide (DMF), and injected into a HPLC device (Model 2695, with a 2996 photodiode array detector; Waters). A triphasic gradient was used to separate the steroid-hydrozones using a Luna 5 C-8(2) 100A column (2 ϫ 250 mm) (Phenomenex) at 0.25 ml/min. The initial condition used was 50:50 water:acetonitrile, followed by a linear gradient to 100% acetonitrile over 15 min and held at 100% acetonitrile for an additional 5 min. A second linear gradient was started from 100% acetonitrile to 100% methanol over 10 min and then held for another 5 min at 100% methanol. Data collection was terminated at 35 min and the column was reequilibrated to initial conditions for 15 min before the next injection. Absoption spectra were collected between 190 and 600 nm and data were analyzed using Empower 2 software (Waters). Standards (10 mM) for dehydroepiandrosterone (DHEA) and pregnenolone were prepared in 45% hydroxypropyl-␤-cyclodextrin. The final ether extracts were suspended in 1 ml of DMF. The extinction coefficients for DHEA-DNPH (3825 area U/pmol) and pregnenolone-DNPH (3910 area U/pmol) were determined by peak area integration at 370 nm. Quantification of the androstenolone-DNPH and pregnenolone-DNPH in the cell lysates (n ϭ 4 -6 replicates per condition) was performed using peak area integration and normalized to protein content (pmol/g).
Statistical analysis. Statistical analyses were performed using statistical software (GraphPad). For comparisons involving two data columns, t tests (paired or unpaired) or nonparametric tests (Mann-Whitney) were used, depending on whether the data followed a Gaussian distribution as determined by normality tests. For comparison involving three or more data columns, a one-way ANOVA (with Dunnett's multiple-comparison test) was used if the data followed a Gaussian distribution and a nonparametric Kruskal-Wallis test (with Dunn's multiple-comparison test) was GFP/ϩ mice, TSPO immunopositivity was found exclusively in rounded, deramified microglia marked by GFP expression (arrowheads). In the P3 and P7 retina, GFP ϩ microglia, which migrate into the outer retina, maintained immunopositivity for TSPO. In the P14 retina, retinal microglia acquired ramified morphologies and decreased in TSPO immunopositivity (arrowheads), whereas inner retinal vessels became immunopositive (arrow). In the P28 adult retina, TSPO immunopositivity was absent in microglia and was found only in retinal vessels. B, qRT-PCR analyses showed varying levels of TSPO mRNA expression in the retina of C57BL6 mice during postnatal development. Expression levels, normalized to that in P0 retina, demonstrated a relative downregulation in the first postnatal week and then increased slightly in the young (P28) adult. C, Protein expression levels of TSPO in the retina, as demonstrated by quantitative Western blot analyses, were low at P0 and then gradually increased. *Comparisons with P0 of p Ͻ 0.05, 1-way ANOVA with Dunnett's multiple-comparisons test, n Ն 4 animals per group. Scale bar indicates 50 m.
used if it did not. p Ͻ 0.05 was set as the basis for rejecting the null hypothesis. Error bars in graphs indicate SE.
Results
TSPO expression in the developing and adult mouse retina
Although TSPO expression has been primarily localized to microglia, astrocytes, and blood vessels in the normal and diseased brain (Stephenson et al., 1995; Cosenza-Nashat et al., 2009 ) and spinal cord (Daugherty et al., 2013) , to our knowledge, its expression patterns in the developing and adult retina have not been described previously. Immunohistochemical analyses in CX3CR1
GFP/ϩ mice, in which retinal microglia are specifically marked by GFP, demonstrated that TSPO immunopositivity in the P0 retina was exclusively localized to inner retinal migratory GFP ϩ microglia, which have an amoeboid morphology (Fig. 1A) . At P3 and P7, developing microglia migrated into the neuroblastic and outer plexiform layers of the outer retina, maintaining their TSPO immunopositivity. At P14, when retinal microglia attained their final laminar positions in the inner and outer plexiform layers and developed mature ramified morphologies, TSPO immunopositivity diminished in microglia, whereas it increased in developing retinal blood vessels. In the young adult retina (P28), TSPO immunopositivity was found solely in retinal blood vessels and was not detected in other retinal cells, including microglia and astrocytes. qRT-PCR analyses of the neural retina demonstrated that TSPO mRNA expression was highest in the P0 retina, decreased during the first postnatal week, and then increased again in the adult retina. Retinal levels of TSPO protein, monitored by Western blotting, showed a slowing accumulating level from P0 to adulthood. DBI expression in the developing and adult mouse retina DBI, a protein that is proteolytically cleaved to generate peptide ligands to TSPO, is an evolutionarily conserved protein widely expressed in the CNS and peripheral tissues (Yanase et al., 2002) . To investigate the locus of endogenous TSPO signaling in the retina, we characterized the expression of DBI in the developing and adult mouse retina. Immunohistochemical analyses in retinal sections indicated that DBI expression was confined to the astrocytic layer of the inner retina at P0 ( Fig. 2A) . From P3 onward, DBI immunopositivity emerged in somata in the inner nuclear layer and also in vertically oriented processes spanning the thickness of the retina. In retinal sections from CX3CR1 GFP/ϩ mice, these DBI ϩ cells colocalized with GS, a marker of Mü ller glia, but not with GFP expression, indicating that DBI was expressed in Mü ller cells but absent in microglia (Fig. 2B) . Analyses in flat-mounted adult retina revealed DBI immunopositivity in the inner retinal surface, colocalizing with GS ϩ Mü ller glia end-foot processes and GFAP ϩ astrocytic processes (Fig. 2C) , indicating DBI to be constitutively and specifically expressed in both retinal macroglial populations. qRT-PCR analyses in the neural retina showed constitutive DBI mRNA expression during development (Fig. 2D) . Quantitative Western blot analysis demonstrated increasing levels of DBI protein expression in the retina from P0 to adulthood (Fig. 2E) .
Regulation of TSPO and DBI expression by LPS-induced retinal inflammation
To determine how TSPO expression in retinal microglia is regulated as a function of microglial activation, we monitored TSPO expression levels in microglia in vitro and in vivo after activation by LPS. We found that cultured retinal microglia demonstrated increased mRNA expression of TSPO after LPS activation relative to untreated controls (Fig. 3A) . This upregulation of TSPO expression after LPS treatment was also evident on the protein level in both cultured retinal microglia and BV2 microglia as assessed by Western blot analysis (Fig.   Figure 2 . Expression of DBI in the developing and adult mouse retina. A, Immunohistochemical analyses in the retinal sections from developing wild-type C57BL6 mice showed immunopositivity for DBI in the astrocytic layer of the inner retina at P0. At P3, P7, and P14, DBI immunopositivity was found additionally in vertically oriented processes extending through the thickness of the retina and in somata in the inner nuclear layer. B, Immunopositivity for DBI (red) in the adult (P28) retina of CX3CR1 GFP/ϩ mice colocalized with the Müller cell marker, glutamine synthetase (GS, green, middle), but not with GFP-labeled microglia (green, right). C, Immunohistochemical analyses in retinal flat mounts showed that GFAP-expressing retinal astrocytes (blue) in the inner retina were weakly positive for DBI (red), whereas GSϩ Müller cell end-foot processes (green) were strongly positive. D, qRT-PCR analyses showing relative levels of DBI mRNA expression in the retina of postnatal and young adult wild-type C57BL6 mice. E, Protein expression levels of DBI as demonstrated by quantitative Western blot analyses showed an increasing trend from P0 to adulthood. *Comparisons with P0 of p Ͻ 0.05, 1-way ANOVA with Dunnett's multiple-comparisons test, n Ն 4 animals per group. Scale bar indicates 50 m. 3B). Immunohistochemical analyses showed that increased TSPO expression was concentrated in the perinuclear region in cultured retinal microglia (Fig. 3C ). In parallel with in vitro observations, mRNA (Fig. 3D) and protein (Fig. 3E) expression levels of TSPO in vivo in the retina after intravitreal LPS injection were significantly elevated 1 and 3 d after injection relative to controls, but decreased back to control levels beyond 7 d. Immunopositivity for TSPO, while absent from mi- ϩ retinalmicroglia(green) demonstrated TSPO immunopositivity (red) in a perinuclear distribution 6 h after LPS exposure. Scale bar indicates 50 m. D, qRT-PCR analyses of retinal TSPO mRNA levels after intravitreal LPS injection (black bars) relative to PBS-injected control eyes (white bars), showed a transient increase in TSPO mRNA 1 d after LPS injection. *p Ͻ 0.05, unpaired t test with Welch's correction, n ϭ 3-15 eyes. E, Quantitative WesternblotanalysisofTSPOproteindemonstratedsimilardynamics.*pϽ0.05,pairedttest,nϭ4 -8eyes.F-I)RetinalflatmountsfromadultCX3CR1 GFP/ϩ micethathadbeeninjectedintravitreallywith LPS or with a PBS control at various time-points. After control (PBS) injections (F), GFPϩ retinal microglia, which maintained their "resting" activation state, as evidenced by their ramified morphology (left, green)andtheabsenceofF4/80immunopositivity(right,blue),remainednegativeforTSPO(middle,red).Oneto3dafterLPSinjections(G,H),retinalmicrogliademonstratedincreasedactivation(appearance of amoeboid morphologies and F4/80 immunopositivity). TSPO immunopositivity (G, H, middle, red) in the retina emerged in GFP ϩ microglia (green) and amoeboid F4/80 ϩ (blue) activated microglia and macrophages 1 d after LPS injection and increased in intensity at 3 d after injection (inset shows TSPO colocalization with GFP and F4/80 labeling at high magnification). TSPO expression developed in microglia foundatvariouslayersoftheretina(K).GCL,Ganglioncelllayer;IPL,innerplexiformlayer;OPL,outerplexiformlayer.Atday28afterLPSinjection(I),GFP ϩ microgliarevertedtoaramified"resting"morphology, withTSPOimmunopositivitydecreasingtoaweakresidualpunctatepattern(inset).Scalebarindicates100m.J,K,IneyesinjectedwithintravitrealLPS3dprior,immunohistochemicalanalysesofretinalflat mounts demonstrated that TSPO immunoreactivity colocalized with microglia but not in GFAP ϩ astrocytes (J), whereas those performed in retinal sections demonstrated that TSPO immunoreactivity was absent in GS ϩ Müller cells (K). Scale bar indicates 50 M.
croglia in PBS-injected control eyes (Fig. 3F ) , was induced in retinal microglia 1-3 d after activation by LPS injection (Fig.  3G ,H ) as monitored in flat-mounted retina specimens. Separate analyses in retinal sections showed that the induction of TSPO immunopositivity occurred in activated, F4/80 ϩ microglia located in separate retinal layers, ranging from the ganglion cell layer to the outer plexiform layer (Fig. 3K ). This upregulation of TSPO expression was transient; at 28 d after LPS injection, when microglia reverted back to a "resting" state as evidenced by the reacquisition of ramified morphologies and a decrease in F4/80 ϩ immunopositivity, TSPO immunopositivity concurrently diminished in microglia, with a weak residual punctate labeling persisting in the perinuclear region (Fig. 3I ) . Immunohistochemical analyses confirmed that LPS-induced TSPO upregulation was restricted to microglia; retinal macroglia such as GFAP-labeled astrocytes (Fig.  3J ) and GS-labeled Mü ller cells (Fig. 3K ) were immunonegative for TSPO at all time points.
We monitored the expression of DBI in the retina in response to intravitreal LPS injection. DBI mRNA levels were upregulated 1 d after LPS injection and decreased to control levels by 3 d after injection (Fig. 4A) . DBI immunopositivity in the retina, which was detectable in Müller cells and astrocytes in control eyes (Fig.  4 B, C) , increased in intensity in both GS ϩ Müller cells (Fig.  4 D, F ) and GFAP ϩ astrocytes (Fig. 4 E, G) after intravitreal LPS, indicating that these cell types, and not activated microglia (Fig.  4H ) , are the sources of elevated DBI expression during retinal inflammation. Experiments involving primary cultured retinal Müller cells also confirmed macroglial expression and secretion of DBI; after exposure to conditioned media from activated retinal microglia, DBI protein levels in Müller cell lysates and Müller cell conditional media were significantly increased relative to those exposed to media from unactivated microglia ( p Ͻ 0.05, n ϭ Ͼ4 replicates; data not shown).
TSPO expression is upregulated in retinal microglia in models of retinal injury
We examined changes in the retinal expression of TSPO in the contexts of retinal injury in the following animal models: (1) an optic nerve crush model, (2) an NMDA-induced excitotoxicity model, and (3) a subretinal hemorrhage model. In the optic nerve crush model, in which retinal ganglion cells are injured by axonal damage, TSPO immunopositivity was absent in neurons and glia in sham-manipulated controls, but was induced in retinal microglia after nerve crush injury (Fig.  5A-D) . In a model of excitotoxic injury induced by the intravitreal injection of NMDA, microglia activated in response to the injury rapidly acquired TSPO immunopositivity (Fig.  5 E, F ) . In a model of subretinal hemorrhage, a model for hemorrhagic exudative age-related macular degeneration in which outer retinal damage is accompanied by local microglia/macrophage infiltration into the outer nuclear layer and subretinal space, activated, CD68 ϩ microglia/macrophages in the outer retina demonstrated prominent TSPO immunopositivity (Fig. 5G,H ) . The common development of TSPO immunopositivity in retinal microglia across different injury models indicates that TSPO upregulation is a general feature of microglial activation responses in retinal injury and inflammation.
TTN, a DBI-derived peptide and TSPO ligand, inhibits microglial activation in vitro
In previous work, we characterized the ability of interactions between macroglia and microglia to modulate inflammatory responses in the retina (Wang et al., 2011). Our observations here, showing that retinal inflammation induced concurrent increases in microglia-derived TSPO and in macrogliaderived DBI, suggested that DBI-to-TSPO signaling may be a candidate mechanism for this functional interaction. To explore the functional consequences of increased endogenous TSPO signaling in microglia, we evaluated the effects of TTN, a DBI-derived peptide previously shown to function as a TSPO ligand (Slobodyansky et al., 1989; Papadopoulos et al., 1991) , on microglial physiology in vitro. In cultured retinal microglia, preincubation in TTN for 2 h significantly suppressed microglial production of ROS, both in the absence of and in the presence of LPS-induced activation (Fig. 6A) . In BV2 microglia, TTN preincubation similarly reduced LPS-induced ROS production (Fig. 6B) . The effect of TTN on microglial ROS production is likely to be mediated by the suppression of ROS production in mitochondria; live-cell imaging with MitoSOX, a fluorescent marker of superoxide production targeted specifically to mitochondria, revealed that although LPS treatment induced MitoSOX labeling in cultured retinal microglia, preincubation of TTN (10 M for 2 h) attenuated this response (Fig. 6C) . In addition, TTN preincubation significantly reduced mRNA expression of the proinflammatory cytokine TNF-␣ in cultured microglia ( Fig. 6D ) and BV2 cells (Fig. 6E ) and the secretion of TNF-␣ protein (Fig.  6F ) . Proliferation of BV2 cells in culture, as determined by EdU incorporation, was also significantly reduced by TTN relative to untreated cultures both in the absence and the presence of LPS. Because TTN-mediated TSPO signaling exerted a negative regulatory effect on these aspects of activated microglial physiology, the increase in TSPO signaling in microglia after inflammation and injury may serve to limit the magnitude of inflammatory responses and to return activated microglia back to a quiescent "resting" state. These effects of TTN were somewhat similar to those found for the synthetic TSPO ligands PK 11195 and Ro5-4864 in cultured retinal microglia; both PK 11195 and Ro5-4864 significantly decreased ROS production, whereas only Ro5-4864 significantly decreased TNF-␣ expression (Fig. 7) . HPLC analyses of untreated versus TTN-treated BV2 microglial lysates demonstrated that, although pregnenolone levels were not found to be significantly different between the two groups, DHEA, a neurosteroid found to repress microglial activation , was significantly increased after TTN treatment (50.0 Ϯ 38.5 vs 260 Ϯ 4.8 pmol/ mmol of protein, p Ͻ 0.05).
Downregulation of TSPO expression in microglia increases microglial activation
We assessed the function of TSPO signaling in microglia by evaluating the consequences of knocking down TSPO expression using a lentiviral shRNA vector targeting the TSPO gene. Quantitative Western blot analyses showed that the protein expression of TSPO was effectively decreased in BV2 cells by 30 -40% relative to control cultures both in the absence and the presence of LPSinduced activation (Fig. 8A) . Knockdown of TSPO expression in BV2 microglia resulted in significantly increased ROS production (Fig. 8B) , TNF-␣ mRNA expression (Fig. 8C) , TNF-␣ protein secretion (Fig. 8D) , and proliferation rate (Fig. 8E ) in response to LPS activation. For BV2 cells not activated with LPS, the knock-down of TSPO resulted in smaller, but nonsignificant increases in ROS production and TNF-␣ expression. Together, these data provide corroborating evidence for the role of TSPO signaling in the negative regulation of microglial activation. GFP/ϩ mice.Animalsweresubjectedtoopticnervecrushandtheirretinasharvestedandexamined incryosections7dafterinjury.Insham-manipulatedcontrolmice(A),theganglioncellmarkerBrn3(white)showedprominentlabelingin the ganglion cell layer (GCL) and TSPO immunolabeling (red) was present only in retinal vessels and absent in GFP ϩ retinal microglia (B, inset, green). In treated animals (C), Brn3 ϩ ganglion cells were depleted, punctate, extravascular TSPO-labeling developed in the inner retina (C, D, red) that localized to the processes and perinuclear areas of retinal microglia (D, inset). E, F, Excitotoxic retinal injury was induced in CX3CR1 GFP/ϩ mice with an intravitreal injection of NMDA (1 l of 40 mM) and their retinas analyzed in cryosections 1 d later. GFP ϩ microglia in the inner retina (E, green) demonstrated activated morphologies with shortened processes and amoeboid morphologies. Punctate, extravascular TSPO immunostaining also developed in the inner retina (F, red) that colocalized with GFP ϩ cells (F, arrows, insets). G, H, Outer retinal injury was induced in a model of subretinal hemorrhage in adult C57BL6 mice with a subretinal injection of autologous blood (1.5 l) and retinas analyzed in vibratome sections 2 d later. Activated, CD68
ϩ microglia with amoeboid morphologies were found aggregated in the outer retina in the region of subretinal hemorrhage (G, green). Punctate, extravascular TSPO immunostaining(H,red)wasobservedthroughouttheretina,colocalizingwithCD68 ϩ microglialprocesses(H,inset1),andmicrogliasomata(H,inset 2). Scale bar indicates 50 m. Figure 6 . Effects of TTN, an endogenous DBI-derived TSPO ligand, on microglia function in vitro. A, B, The effect of TTN on ROS production in cultured retinal microglia and BV2 microglia was evaluated using the H 2 DCFDA assay. In cultured microglia (A), ROS production was significantly increased from control conditions (white bar) by LPS treatment (0.5 g/ml for 6 h, black bar). Pretreatment with TTN at 0.1 and 10 M for 2 h significantly reduced ROS production in microglia in the absence and presence of LPS. In BV2 microglia (B), TTN pretreatment (10 M) similarly significantly suppressed ROS production in LPS-treated cells. n ϭ 14 -21 replicates per condition. C, Production of mitochondrial superoxide in cultured retinal microglia, as monitored with a MitoSOX indicator. Minimal fluorescence was detected under control conditions but was increased after LPS application. Pretreatment with 10 M TTN reduced the number of Mito SOX ϩ cells produced by LPS treatment. D, E, Effect of TTN on TNF-␣ mRNA expression in cultured retinal microglia (D) and BV2 microglia (E). Although TTN pretreatment did not influence TNF-␣ mRNA expression in microglia in the absence of LPS treatment (white and unshaded bars), it significantly suppressed it in LPS-treated cells (black and shaded bars). n ϭ 6 -12 replicates. F, ELISA analyses demonstrate that although TTN pretreatment did not affect TNF-␣ secretion in BV2 cells in the absence of LPS treatment (white and unshaded bars), it significantly suppressed the TNF-␣ secretion in LPS-treated cells (black and shaded bars). n ϭ 8 -16 replicates. G, Effect of TTN on BV2 microglia proliferation was measured by the incorporation of EdU. TTN pretreatment (10 M) significantly suppressed microglial proliferation in both control and LPS-stimulated culture conditions. *Comparison with non-TTN-treated controls for which p Ͻ 0.05, Mann-Whitney test, n ϭ 38 -50 replicates. Data in A, B, D, E, and F were analyzed with the Kruskal-Wallis one-way ANOVA test with Dunn's multiple-comparisons test. *Comparison with non-TTN-treated controls for which p Ͻ 0.05.
TTN-mediated TSPO signaling reduces retinal inflammatory responses in vivo
To assess the effect of TTN-mediated TSPO signaling in vivo, we induced retinal inflammation in experimental animals using an intravitreal injection of LPS (estimated final vitreous concentration of 0.05 mg/ml) and compared the effects in eyes that were either coinjected with TTN (estimated final vitreous concentration: 50 M) or injected with LPS alone. The controls included eyes that were injected with PBS (containing the equivalent concentration of DMSO solvent) and eyes injected with TTN alone (without added LPS). Experimental animals were euthanized and retinal tissue analyzed 2 d after injection. The production of ROS in the retina was evaluated by measuring TBARS formation, which reflects lipid peroxidation induced by oxidative stress. Although TTN injected alone in the absence of LPS-induced inflammation did not alter lipid peroxidation relative to PBSinjected controls, TTN injection in the presence of LPS significantly reduced retinal lipid peroxidation to close to control levels (Fig. 9A) . Although LPS injection alone markedly increased TNF-␣ protein levels, coinjection of TTN significantly reduced them (Fig. 9B) . These data indicate that TTN-mediated TSPO signaling effectively reduced retinal inflammatory responses in vivo, likely by the downregulation of microglial activation responses, as was observed in vitro.
Discussion
Retinal expression of TSPO during development and injury Inflammatory and neurodegenerative diseases of the retina share common features with those afflicting the brain (OhnoMatsui, 2011; Sivak, 2013) , including chronic neuroinflammation and microglial activation (Gupta et al., 2003; Karlstetter et al., 2010) . However, inflammatory mechanisms may also demonstrate specializations that are unique to different CNS regions . Although TSPO is a key protein marker of neurodegenerationassociated gliosis in the brain (Chen and Guilarte, 2008) , its expression has not been previously examined in the retina. Therefore, we were interested in examining the expression of TSPO within the retina in healthy development, in adulthood, and in the context of injury and elucidating the endogenous functions of TSPO. In our study, we discovered that TSPO expression in the retina demonstrates developmental regulation; at P0, TSPO was expressed in amoeboid, deramified microglia extravasating into the neural retina (Santos et al., 2008) , but was subsequently turned off as microglia acquired a mature ramified morphology in adulthood. This transient TSPO expression may be related to developmental functions of retinal microglia, such as complement-mediated synapse elimination (Stevens et al., 2007) and apoptosis regulation (Thanos, 1991) . Because TSPO has been linked to phagocytic function , early TSPO expression may regulate the microglial engulfment of synapses and apoptotic neurons. TSPO may also confer transient migratory capabilities to microglia colonizing the retina during development (Cuadros and Navascués, 2001 ) and become downregulated when microglia attain their final positions.
In the uninjured adult retina, TSPO mRNA and protein were undetectable in glia and neurons on immunohistochemistry, resembling findings in the uninjured brain parenchyma (CosenzaNashat et al., 2009 ). We found here that TSPO expression was markedly but transiently increased by retinal inflammation in separate animal injury models and declined with time as markers of inflammation subsided after injury. In all models examined, TSPO upregulation was present in F4/80 ϩ , CD68 ϩ activated microglia/macrophages, but absent in macroglia (astrocytes and Müller glia). In comparison, TSPO upregulation in the injured brain was observed in both microglia and astrocytes to varying extents, depending on the nature of the injury and the final severity of associated neurodegeneration (Maeda et al., 2007; Cosenza-Nashat et al., 2009) . The absence of TSPO upregulation in retinal macroglia may be related to unique specializations of Müller radial glia that regulate gliosis using mechanisms distinct from those in brain astrocytes (Bringmann and Wiedemann, 2012) . The microglial predominance of TSPO expression in retinal injury and its temporal correlation with active inflammation make TSPO a suitable molecular biomarker for microglial activation in retinal diseases. Compared with molecular imaging techniques used in the brain (Cagnin et al., 2007; Venneti et al., 2013) , the unique accessibility of the retina to direct visualization creates opportunities for monitoring TSPO expression as a biomarker of microglial activation at high spatial and temporal resolutions. Current in vivo retinal imaging techniques capable of visualizing apoptotic biomarkers on the level of individual cells (Barnett et al., 2009; Galvao et al., 2013) may be used to closely monitor activation in individual microglia in specific retinal locations. These observations may be instrumental in discerning inflammatory mechanisms in retinal disease and may binding site (Cinone et al., 2000; Lacapère and Papadopoulos, 2003) . We found that PK11195 differed from Ro5-44864 (and TTN) in being not as effective in decreasing TNF␣ expression in cultured microglia, a difference analogous to those previously documented in vivo (Veiga et al., 2005; Soustiel et al., 2008) and which may be attributable to differences in binding sites and also the partial agonist or antagonistic effects of PK11195 (Le Fur et al., 1983) . Because TSPO likely has distinct sites for ligandbinding and cholesterol binding (i.e., at the cholesterol recognition/interaction amino acid consensus [CRAC] domain; Li and Papadopoulos, 1998), the effects of ligand binding may act upstream to influence cholesterol binding and/or transport at the CRAC domain to facilitate subsequent neurosteroid production (Midzak et al., 2011) . These results indicate that the therapeutic potential ascribed to synthetic ligands of TSPO (Rupprecht et al., 2010; Barron et al., 2013; Daugherty et al., 2013) may be extended to endogenous ligands such as TTN, and even possibly to ligands that modulate the function of the CRAC domain (Midzak et al., 2011; Lecanu et al., 2013) , in measures to control microglia activation in chronic neuroinflammation.
How endogenous TTN-mediated signaling to TSPO results in decreases in microglial activation is incompletely understood, but likely involves, at least in part, the production of neurosteroids. TTN has been demonstrated to stimulate steroid production in endocrine cells (Berkovich et al., 1990; Papadopoulos et al., 1991) and hypothalamic steroidogenic neurons (Do-Rego et al., 1998) . Recent studies have demonstrated the role of nuclear receptors, including estrogen receptor-␤ (ER␤) ligands in the negative regulation of microglial activation . Neurosteroids such as 5-androstene-3␤,7␤-diol and its precursor, DHEA, have been shown to bind to ER␤ in microglia and inhibit microglial activation via the suppression of AP-1-mediated transcription . Therefore, TTN-mediated TSPO signaling in microglia can increase mitochondrial cholesterol flux, facilitating the production of modulatory neurosteroids that in turn repress inflammatory genes in a cell-autonomous manner. The detection of increased DHEA levels in microglia treated with TTN here supports this hypothesized mechanism. In addition, neurosteroids including allopregnanolone, DHEA, and ⌬ 5 PS have been found to modulate allosterically multiple neurotransmitter receptors, such as GABA A , NMDA, and AMPA receptors (Rupprecht and Holsboer, 1999; Belelli and Lambert, 2005; Mameli et al., 2005) . Increased neurosteroid synthesis can thus induce changes in neurotransmission, consequently affecting the activation state of microglia (Lee, 2013) either via direct reception (Pocock and Kettenmann, 2007) or indirect modulation of overall neuronal activity (Fontainhas et al., 2011) , thus facilitating an alternative non-cell-autonomous mechanism underlying neurosteroid effects on microglia. Endogenous TSPO signaling may also result in other physiological changes in microglia beyond neurosteroid synthesis, including regulation of calcium influx (Hong et al., 2006) , mitochondrial function (Casellas et al., 2002) , and apoptosis (Hirsch et al., 1998) , all of which may potentially modulate aspects of microglial activation.
Macroglia-microglia interactions via TSPO signaling shape retinal inflammatory responses
Effective immune responses rely on rapid and robust microglial activation for pathogen clearance and tissue repair. However, this prompt "on" phase also needs to be followed by an appropriate and timely downregulation of activation responses and a reestablishment of the quiescent state. Activation patterns that are excessive in magnitude or prolonged in duration are detrimental to tissue homeostasis and are thought to contribute to chronic neuroinflammatory states in neurodegenerative disease (Lull and Block, 2010) . Although some microglial cell-surface receptors (e.g., CX3CR1 and CD200R) serve as constitutive negative regulators of activation (Kierdorf and Prinz, 2013) , dynamically expressed regulatory molecules may be required to shape the temporal features of activation and deactivation. The synchronously regulated expression of TSPO in retinal microglia and DBI in retinal macroglia provides a mechanism of coordinated macroglia-microglia interactions that drive the resolution phase shortly after an injury/inflammation response is generated. In the retina, physical microglia-macroglia interactions increase after activation as microglial processes reorient to fasciculate closely with the radial Müller cells processes , promoting intercellular signaling. TSPO may thus represent a prominent example of reciprocal modulatory interactions hypothesized to exist between macroglia and microglia that influence the overall beneficial-versus-detrimental outcome of inflammatory responses (Gao et al., 2013) . These intercellular molecular interactions can therefore constitute novel targets for interventions that are aimed, not at completely eliminating immune function, but at modulating the temporal features of immune responses to avoid excessive or chronic activation.
It is interesting that the expression of DBI in the retina, unlike that for TSPO, is constitutively expressed by astrocytes and Mül-ler glia, suggesting the presence of constitutive non-TSPO signaling. In the brain, DBI and its peptide products act as allosteric modulators of GABA A receptor function , modulating neuronal activity and synaptic plasticity in ways that influence epileptic discharge (Christian et al., 2013) , learning and memory (Siiskonen et al., 2007) , and behaviors including anxiety (De Mateos-Verchere et al., 1998) , aggression (Kavaliers and Hirst, 1986), and feeding (Do-Rego et al., 2007). In the retina, constitutive DBI signaling under normal conditions can influence GABA A receptor-mediated visual processing (Bar- Figure 9 . Effects of TTN in vivo. A, ROS produced in retina was evaluated by measurement of lipid peroxidation using a TBARS assay. Two days after intravitreal LPS injection (1 mg/ml, 1 l), significantly increased lipid peroxidation in the retina was observed. Although the intravitreal injection of TTN did not affect the lipid peroxidation alone, it effectively suppressed the increase of lipid peroxidation induced by LPS. *p Ͻ 0.05, paired t test, n ϭ 8 -12 replicates for each condition. B, Two days after intravitreal LPS injection (1 mg/ml, 1 l), the protein level of TNF-␣ significantly increased (black bar). The intravitreal injection of TTN significantly suppressed the increase of LPS-induced TNF-␣ in the retina. *p Ͻ 0.05, paired t test, n ϭ 3-7 replicates for each condition. mack et al., 2004) ; how these GABAergic effects feedback onto microglia to influence their function in retinal inflammation is a current topic of study in our laboratory (Fontainhas et al., 2011) .
In conclusion, we show here that TSPO and its endogenous ligand, DBI, are expressed in the retinal microglia and macroglia, respectively, and are regulated during retinal development and in different phases of the inflammatory response. TSPO signaling in microglia, which is mediated via its endogenous ligand, TTN, is capable of suppressing features of microglial activation in the retina in vitro and in vivo. Regulated microglial TSPO expression in the retina suggests its suitability for use as a biomarker in retinal diseases visualizable using high-resolution retinal imaging techniques. Coordinated TSPO and DBI signaling in retinal microglia and macroglia, respectively, constitute an endogenous and dynamic immodulatory mechanism that may be targeted in treatments to alleviate chronic neuroinflammation underlying retinal disease.
